ABSTRACT
INTRODUCTION
Banded Iron Formations (BIFs) consist of alternating Si-rich and Fe-rich layers [1, 2] . BIFs are formed through two simultaneous processes: clastic sediment supply from the weathering of continental masses and submarine volcanism and associated hydrothermal activity at the MidOcean-Ridge (MOR) [3] [4] [5] [6] [7] [8] [9] . The classical nature of this enigmatic rock type around the world today suggests an extraordinary record of Fe and Si cycles in the earth's history which is still poorly understood [10] . It is widely believed that the source of both the Fe and Si in the BIFs is largely from the ocean. However, some authors have shown that the contribution of iron and silica through clastic inputs from the continent is also eminent in the formation of the thick BIF sequences observed around the world. Voluminous tholeiitic basalts extrusion rich in Fe have been reported from mantle plume events [11] . According to [12] , pre-erupted continental flood basalts from such an event through the rifting of the continental crust [13, 14] are subsequently eroded and increase riverine flux of Fe to the ocean. In addition, isotopic studies have reported δ 30 Si values in BIFs which reflect elevated temperatures of seawater and the influence of a continental source [15] [16] [17] . Recently, [9] has also described textural characteristics such as the allochems in iron formations which are largely granules (clastics) and point to a continental input while the matrix which is mostly chemical iron-rich muds and microcrystalline quartz (chert) is precipitated from the ocean. [8, 18] have earlier identified these granules as being endoclastic in origin and derived from the re-working of earlier lithified Fe-for-mation components. These arguments in favour of Si and Fe derived from the continent warrant a succinct understanding of the age and nature of the provenance areas during the formation of BIFs. In the Ntem Complex (Congo craton) BIFs are associated with metasediments that have not been investigated although they can provide information on the evolution of the basin and age of the rocks from which the sediments were derived. Though metasedimentary and metamorphic siliciclastic rocks have been given little attention in literature, their usefulness in geochronological studies is vital as they often provide constraints on the possible composition, tectonic setting, palaeoweathering and the evolution of the early upper continental crust. This study therefore investigates the age of BIF-related metasediments within the Ntem complex with the aim of deciphering the period of deposition and the basin evolutionary history in comparison with other major iron ore basins across the Atlantic.
GEOLOGICAL REVIEW
The Ntem Complex is part of the Congo craton and represents the oldest lithologic group in Cameroon. This complex hosts several iron deposits at various stages of resource definition and development (see [23] [24] [25] 39] and www.sundanceresources.com.au, www.afferro-mining.com).
Tonalite-trondhjemite-granodiorite [19, 20] , greenstones and metasedimentary formations define the basement rock suit of the Ntem Complex [21, 22] . These are intruded by much younger Late high-K granites and dolerite dykes [20, 22] (see Figure 1 below).
These are thought to have been emplaced at the same time and are interpreted as a heat source for remelting TTG and charnockites [20, 22] . Monzogranites and syenogranites represent the high-K granitoids pods and tongues occurring with mafic restite and small scale pegmatitic and aplitic veins and dykes [20] . Rock units of economic importance in the Ntem Complex include high grade iron ore and itabirites [23] [24] [25] [26] with less prominent ultrabasic rocks containing elevated Ni, Cr and Co contents [27] .
Two major deformations have been recognized at the northwestern edge of the Congo craton [28] . A non-rotational D1 that defines the S1 foliation developed during crystallization [29] . D2 defines the deformation of the S 1 foliation into low amplitude folds oriented N80E to N120E and N-S [29] accompanied by the emplacement of plutons, diapirism and recrystallization. This is evident from relict greenstone belts and the TTG series [30] . Wide spread C 2 surfaces associated with partial melting of the TTG and greenstones belt [30] define sinistral shear planes that trend N-S to N45E-N50E. High dip C 3 mylonitic planes and shear corridors observed at the contact with the Yaoundé nappe front [19, 30] define D3 and D4.
The samples investigated in this study were derived from the Njweng prospect within the Mbalam iron ore district (Figure 2) . At Njweng the main rock types are BIFs, metagranitoids and amphibolites associated with metasediments [26] . On the surface, the BIFs are partially altered with variable magnetic intensity and hematite and goethite content [26] .
U-Pb analysis on zircons, Sm-Nd and Pb-Pb evaporation ages on whole rock and other geochronological data have confirmed the Archean to Paleoproterozoic age of the Congo and the São Francisco Cratons [19, [31] [32] [33] [34] [35] [36] . However, Mesoproterozoic to early Neoproterozoic (1100 -910 Ma) ages of magmatic and sedimentary sequences have been reported at the northwestern edge of the Congo Craton. This age margin is largely tied to the PanAfrican-Braziliano Yaoundé and Adamawa-Yadé and the Sergipano domains north of the Congo and São Francisco cratons, respectively. A minimum age of 628 ± 12 Ma has been reported [37] to constraint the age of the Pan-African-Braziliano orogeny. A similar age of 626 Ma has been reported on detrital zircons from the Yaoundé micaschists [38] . The possibility of clastics from these younger basins being supplied during BIF deposition in the Congo Craton (Ntem Complex) is yet to be examined. In this paper we characterize metasediments associated with BIF in the Ntem complex and date detrital zircons from them in order to unravel their provenance and the palaeodepositional environment. The mineralogy, age and the structural setting of the BIF have been reported [23] [24] [25] 39] .
Samples Description, Preparation and Analytical Procedure
Two metasedimenatary rock samples associated with BIFs at the Njweng Prospect, Mbalam Iron ore deposit, in the Ntem Complex were investigated in terms of their petrography and terms of their petrography and whole rock geochemistry with one of the sample eventually dated. The samples were a metasiltstone (NTM10) and a metasandstone (NTM194). Sample NTM10 was cream white in color and very finegrained while NTM194 was reddish brown in color and fine-grained. Sample NTM194 was dated by SHRIMP U-Pb on separated zircons to provide geochronology data from which the sediments provenance and the paleodepositional evolution of the basin in relation to BIF formation can be deduced.
Major and trace elements compositions of the samples were obtained by ICP-OES and ICP-MS at a commercial laboratory (Acme Analytical Laboratories Ltd., Vancouver, Canada) and the details are provided in [39] .
Zircon separation was performed in the laboratories of the Research School of Earth Sciences (RSES), Australian National University (ANU). The sample was crushed and milled, and the fines washed off in a settling beaker. Magnetic minerals were separated using a hand magnet and a Franz isodynamic separator. Heavy minerals were concentrated using both tetrabromoethane and methylene iodide. Concentrated zircons were mounted in epoxy, together with Temora III (416.8 ± 1.3 Ma; [40] , FC1 (1099.1 ± 0.5 Ma; [41] and SL13 reference zircons. Temora is the primary U-Pb standard, FC1 was used as a secondary standard and to monitor 207 Pb/
206
Pb ratios, and SL13 [42] is a chip of a single crystal with a uniform U content and is used to calibrate U, Th and Pb concentration.
Analyses of the zircon grains were also done at the RSES and the procedure is recorded in [39] ]. The data were processed using the SQUID I Excel Macro of [43, 44] and the decay constants of [45] were employed. Uncertainties in the calculated weighted mean ages are reported as 95% confidence limits. For the age calculations, corrections for common Pb were made using the measured 204 Pb and the relevant common Pb compositions from the [46] model while the concordia plots were done with Isoplot/Ex 3.0 [47] .
RESULTS

Petrography
The metasandstone has quartz grains that are elongated, angular to sub-rounded with grain boundaries of 120˚ typical of recrystallized quartz (Figure 3(a) ). The rock has a clast supported fabric dominated by quartz grains with <5% matrix defining an epiclastic texture eminent in an arenite (see Figures 3(a) and (b)). The poor matrix content of the rock is indicative of its high maturity. Disseminated sulfides are observed in the iron-oxide matrix. The elongated quartz grains also show a preferred orientation indicative of recrystallization under directed stress (Figure 3(b) ).
The metasiltstone on the other hand shows a strong diagenetic foliation defined by distinct sub-parallel quartzrich bands that are oblique to mica-rich bands ( Figure  3(c) ). This is typical in low grade pelitic sediments with detrital micas that have undergone little or no deformation [48] . The rock is poorly sorted with porphyroblasts of muscovite observed within a quartz-rich groundmass (Figure 3(d) ). This is also indicative of the immature nature of the sediments. The slightly oblique nature of the muscovite porphyroblasts to the general foliation in the rock is indicative of recrystallization under directed stress (see Figure 3(e) ). This is also expressed by the development of weak micro kink-bands on some of the muscovite porphyroblasts (Figure 3(e) ) in which quartz inclusions are ubiquitous (Figure 3(e) ).
Whole Rock Geochemistry
Major and trace element data of the 2 samples analyzed are listed in However, the sandstone has a slightly elevated SiO 2 content which is probably attributed to its high quartz content owing to the resistance of quartz during transportation. Also, CaO and Na 2 [52] .
Post Archean Australian shale (PAAS) normalized values of the rare earth elements (REEs) data of the metasandstone and metasiltstone show a relatively flat pattern with values generally <1 typical of continental sediments [53, 54] (see Figure 4) . This is also expressed by the (La/ Yb)N values that are <1. Ce shows a flat pattern in both the metasandstone and metasiltstone while Eu expresses a flat and weak negative anomaly in the metasandstone 
OPEN ACCESS
and metasiltstone with (Eu/Eu*) N values of 0.9248 and 0.7954, respectively. The weak HREE enrichment pattern over the LREE and the flat Ce-anomaly is possibly explained by the dilution of the ocean sediments by riverine inputs [55] . The ΣREE for the metasandstone and metasiltstone are ~4 ppm and 13 ppm, respectively. Generally, clastic sediments have ΣREE in magnitude higher than 7. This is evident in the metasiltstone sample. Meanwhile, the poor REE concentration in the metasandstone may be attributed to its high maturity and the dilution effect of quartz given that REEs are chiefly supplied in sediments by the clay fraction. A similar explanation is attributed to the flat and weak negative Eu-anomalies of the metasandstone and metasiltstone samples, respectively.
Detrital Zircon Geochronology
The zircons from this sandstone are typical of sediments of this nature-small, rounded and highly variable in terms of their internal structures such as zoning and core/rim relationships. There are no overgrowths. Figure  5(a) is a SEM cathodoluminescence image of a representative selection of grains, showing the sites dated by SHRIMP. In order to get a statistically reliable picture of the provenance of the zircons in the sandstone, 70 different zircons were dated (see data in Table 2 and Figure  5(b) ). There is a very wide range of ages from just over 3 Ga to a population with a grouping at about 1200 Ma. Most zircons are Palaeoproterozoic, but a significant proportion of the grains analyzed fall within the range 1600 -1200 Ma. Figure 5(c) is a probability density plot of the more concordant data (i.e. the most reliable in terms of ages) showing the ages of the source rocks.
The maximum age of deposition of the sandstone is given by the youngest cluster of data, in this case at ~1200 Ma.
DISCUSSION AND CONCLUSIONS
Textural, mineralogical and whole rock geochemical data suggest that the metasediments of the Ntem complex range from mature to immature and the clastics are supplied from sources with various lithologic units. Evidence of diagenetic alteration and deformation in the sediments is provided by the recrystallization of quartz and the development of a tectonic fabric. Several geochronology studies have confirmed the Archean age of the Ntem Complex [19, 20, 28, 32, 56] .
Three zircon age groups are distinguished from the metasandstone sample (NTM194) investigated here and these are:  Group A: Archean age reported on only few grains with ages of 2573.4 ± 6.1 Ma, 2696.8 ± 5.6 Ma and 3009.1 ± 5.4 Ma.  Group B: Paleoproterozoic age representing the dominant fraction with ages between 1700 and 2400 Ma.  Group C: Mesoproterozoic to Neoproterozoic with ages between 1000 and 1600 Ma. The variable age ranges reflect the different sources of sediments supplied into this sub-basin within the broader Congo basin. The Archean sources are interpreted as locally reworked zircons obtained from the alteration of the charnockitic assemblage and late Archean granitic intrusions within the basin. Some of the Archean ages are comparable to those obtained by [28] (2666 ± 2 Ma and 2687 ± 3 Ma) on the high-K granitoids of the Ntem Complex by Pb-Pb zircon evaporation analysis. Also, [56] reported Rb-Sr and Sm-Nd whole rock data with ages around 2900 Ma for the charnockitic suite and interprets this to define the timing of the granitic intrusion within the Ntem Complex. Using the same method, the authors later obtained 2721 Ma for the high-K granitic group and suggest that the granitic suites are formed from the partial remelting of the charnockitic assemblage. A similar age of 2751 ± 32 Ma by U-Pb and 2719 ± 9 Ma as well as 2724 ± 3 Ma by Pb-Pb evaporation is confirmed on zircons from the high-K granites by the same author 4 years later though variations in the dataset are largely attributed to Pb loss [20] . The slightly younger ages of 2573 ± 6 Ma and 2696 ± 5 Ma obtained for sample NTM194 in this study compared to the 2719 ± 9 Ma and 2724 ± 3 Ma obtained by [20] suggest the effect of post depositional processes on the zircons though the striking similarity with the ages reported by [57] who simply confirms his earlier interpretation that the magmatic episode postdates the main crust formation event by more than 200 Ma. Similarly, the 2573 ± 6 Ma age also compares with some younger ages of 2515 -2566 Ma obtained by [58] using U-Pb on detrital zircons from Late Archean metasedimentary rocks from the Wutai Complex, North China Craton where the authors attributed the zircon source to the well-defined calc-alkaline granitoids and the volcanic rocks in the Wutai Complex. The older age of 3009 ± 5 Ma is comparable to U-Pb zircon ages of 3266 ± 5 Ma, 3399 ± 6 Ma and 3477 ± 16 Ma reported by [19] on the charnockitic suite within the Ntem basin buttressing the locally derived source of the Archean zircon fraction.
The Group B (Paleoproterozoic) zircon ages are attributed to sources from the neighbouring Nyong Series west of the Ntem Complex. This unit has earlier been regarded as a reactivated northwest corner of the Congo Craton [59] . U-Pb zircons ages of 2300 Ma have been reported from metasyenites north of Lolodorf within the Nyong Series [57] . More recently, [60] reports new SHRIMP ages of 2423 ± 4 Ma on detrital zircons from BIF, orthopyroxene gneisses and garnet gneisses of the Nyong Series. These ages are similar to most of the 2400 Ma to 1800 Ma Paleoproterozoic ages obtained for a significant population of the zircons analyzed in this study. [30] has also reported U-Pb ages of 2064 Ma on zircons obtained from metamorphic rocks within the Nyong Series. This age bracket has also been reported (2.0 Ga) by SHRIMP dating on detrital zircons from sandstones of the Gackowa Formation, Kaczawa Complex Sudetes, SW Poland by [61] and is interpreted to represent inherited components in the Variscan crust and provides evidence for intense crust-forming processes in Early Proterozoic time [62] [63] [64] . This arguably could also explain the dominant Paleoproterozoic age of the zircons analyzed in this study adding to the wider recognition of crustal growth in the Paleoproterozoic across the globe. It also largely points to the supply of clastics from the neighbouring Nyong Series into the Congo Basin buttressing the peak of deposition in the sub-basin during this period.
The younger Mesoproterozoic to Neoproterozoic ages are attributed to variable sources from the neighbouring units particularly from the West Congo Supergroup at the western edge of the Congo Craton and the mobile belts in Cameroon north of the Ntem complex. Zircons of similar ages have been obtained from sediments of the Poli, Lom and Yaoundé Series and this is eloquent proof that the Ntem sub-basin was still active during sedimentation in these pull-apart basins in north central Cameroon. [65] has earlier reported such Mesozoic to early Neoproterozoic ages of 1100 -910 Ma from magmatic and sedimentary sequences of the Zadinian and Mayumbian Groups (Bas-Congo) west of the Congo Craton. A similar age of 1017 Ma by U-Pb on detrital zircons was later reported by [66] from the Mahan amphiboites in the Yaoundé Series and was interpreted as the product of detritus from Neoproterozoic magmatic arcs and Paleo proterozoic igneous basement of the Adamawa-Yadé domain. The similarity of these ages with the Group C zircons of this study possibly explains their provenance. Such younger ages (990 Ma, 1200 Ma, 1400 Ma, 1540 Ma) have been reported by [68] on detrital zircons in diamictites from the Puga Hill and are tied to a common source from the nearby Amazonian Craton. Based on the U-Pb ages obtained, we conclude that the Congo basin opened up sometime in the Archean and remained active up till the Neoproterozoic with the maximum age of deposition around 1200 Ma with a wide sediment influx from the neighbouring units. The BIF intercalated metasandstone sample dated clearly shows the contribution of clastic sediments from the continent to the formation of Banded Iron Formation in the Congo Basin. The age similarity of the Mesozoic to Neoproterozoic zircons from the metasandstone with ages reported from the Amazonian Craton further enhances the link between the Congo Craton and the São Francisco Craton in Pre-Gondwana time. 
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